The influence of subtotal resection (STR) on neurocognitive function (NCF), quality of life, and symptom burden in glioblastoma is unknown. If bevacizumab preferentially benefits patients with STR is unknown. OBJECTIVE: To examine these uncertainties. METHODS: NCF and patient reported outcomes (PRO) were prospectively collected in NRG Oncology RTOG 0525 and 0825. Changes in NCF and PRO measures from baseline to prespecified times were examined by Wilcoxon test, and mixed effects longitudinal modeling, to assess differences between patients who received STR vs gross-total resection. Changes were also compared among STR patients on 0825 receiving placebo vs bevacizumab to assess for a preferential therapeutic effect. Overall survival between STR and gross-total resection patients was compared using the Kaplan-Meier method. ; bevacizumab failed to demonstrate improvement in select NCF or PRO measures. CONCLUSION: STR patients had worse NCF and PROs before therapy. During adjuvant therapy, STR patients had worse objective NCF, despite accounting for tumor location. STR did not result in a detriment to OS. The addition of bevacizumab did not preferentially improve PRO or NCF outcomes in STR patients.
targeted agents including bevacizumab have largely failed. 3, 4 Exciting advances in surgical techniques including 5-ALA guided surgery and intraoperative magnetic resonance imaging (MRI)-assisted surgery have recently emerged; however, quantifying the precise benefits of these technologies is challenging. 5 Several publications have described an extent of resection "threshold" that distinguishes patients with higher median OS. [6] [7] [8] Yet others have used accelerated failure time modeling and have recommended a maximum safe resection approach. 9 Notable is that more extensive resections may carry a higher risk of morbidity and neurological impairment. Additionally, in these patients with relatively short anticipated survival, an understanding of the influence of interventions on neurocognitive function (NCF) and patient reported outcomes (PROs), and quality of life (QOL) seems highly prudent. Nevertheless, only a limited number of small series have examined the relationship between resection status and such endpoints in patients with GBM. [10] [11] [12] Changes in the normal brain function, specifically in NCF, are important in assessing the consequence of aggressive resection; further, NCF has an important role in GBM prognosis. 13 However, there is a paucity of data examining the impact of subtotal resection (STR), relative to gross-total resection (GTR) on NCF in large cohorts of prospectively collected data. There are no published manuscripts, to the best of our knowledge, which have collectively examined NCF and PROs as influenced by the extent of resection.
NRG Oncology 0525 was a phase III randomized clinical trial comparing conventional adjuvant temozolomide chemotherapy with dose intensive temozolomide. 4 NRG Oncology RTOG 0825 was phase III randomized clinical trial evaluating the use of bevacizumab in patients with newly diagnosed GBM. 3 These clinical trials were 2 of the largest clinical trials in GBM ever conducted, and both were the first to collect detailed data examining NCF and PROs. 14, 15 These data provided the first opportunity to examine the relationship between the extent of resection and the NCF and PRO metrics over time.
Bevacizumab is a humanized monoclonal antibody against Vascular Endothelial Growth Factor A (VEGF-A) and preclinical data suggest that its therapeutic benefit is likely secondary to normalization of tumor vasculature. 16, 17 The clinical trial NRG Oncology RTOG 0825 demonstrated that the addition of bevacizumab to the upfront treatment of newly diagnosed GBM did not improve OS or NCF or PRO metrics. 3, 15 However, the possibility that STR patients may have intact tumor vasculature lead to the hypothesis that bevacizumab may preferentially improve clinical metrics in these patients. 17 This analysis sought to simultaneously examine the influence of bevacizumab in only those patients with a STR.
METHODS

Sample
This was a posthoc exploratory analysis conducted using the merged dataset from the companion studies of NRG Oncology RTOG 0525 and NRG Oncology RTOG 0825 in which NCF and PRO data were prospectively collected. The merger of the 0525 and 0825 datasets was felt to be appropriate to add statistical power given extremely similar inclusion criteria of the 2 parent studies. The primary analysis for each subcomponent of the publication has been previously presented. 14, 15 Patients were included from only the control arm of 0825 to avoid the known influence and potential confounding factor of bevacizumab on NCF and PRO metrics 15 . All patients who participated in these subcomponents could speak English and had histopathologically confirmed GBM (World Health Organization grade IV). All patients provided written informed consent for participation in each of the clinical trials. Eligible patients with unknown resection status or biopsies only were removed from the analysis. Patients with biopsies only were removed secondary to their ineligibility for study participation. The distinction of GTR and STR was made by the accruing site and was based on postoperative computed tomography or MRI reports from the accruing site. The reason for STR was based on the discretion of the surgeon at the accruing center, and was likely secondary to tumor in more eloquent locations. Radiation therapy treatment specifications were the same in both clinical trials RTOG 0525 and RTOG 0825.
Study Design
The objective of this study was to compare changes in QOL, symptom burden, and NCF between 2 cohorts of patients, STR and GTR, in NRG Oncology RTOG 0525 and NRG Oncology RTOG 0825. Patients were only eligible for this portion of the clinical trial if they had not demonstrated radiographic progression during therapy. In addition, another objective of this study was to examine if the addition of bevacizumab preferentially improved QOL, symptom burden, and NCF metrics in patients with a STR. There were a total of 4 follow-up time points of interest for data collection: prior to cycles 1, 4, and 10, corresponding to 6, 21, and 42 wk from the start of treatment in NRG Oncology RTOG 0525 and at 6, 22, and 46 wk from the start of treatment in NRG Oncology RTOG 0825. Because of the 4 wk discrepancy in the last follow-up time point, these data were only incorporated into certain analyses in which an adjustment for the study variable (0525 vs 0825) could be included. Each patient's change from baseline to these follow-up time points (prior to cycles 1, 4 in NRG Oncology RTOG 0525, and 6 and 22 wk in NRG Oncology RTOG 0825) was calculated. Patients who had undergone STR were then selected from NRG Oncology RTOG 0825 to compare the placebo vs the bevacizumab arms.
Outcome Measures
The results of these companion clinical trials of NRG Oncology RTOG 0525 and RTOG 0825 have been previously reported. 14, 15 Health-related QOL was evaluated using the European Organization for the Research and Treatment of Cancer Quality of Life Questionnaire C30/BN20 (EORTC-QLQ-C30/BN20) developed and validated for use in a cancer patient population. 18, 19 For this analysis, prespecified domains were global QOL and cognitive function from the EORTC-QLQ-C30 and communication deficit and motor dysfunction from the BN20. Symptom burden and interference were assessed using the MD Anderson Symptom Inventory Brain Tumor (MDASI-BT), which was developed and validated for use in this patient population. 14, 20 Symptom severity, cognitive factor, neurological factor, and interference were prespecified for this analysis.
NCF was assessed using the Hopkins Verbal Learning Test-Revised (HVLT-R; Total Recall, Delayed Recall, and Delayed Recognition), 21 the Trail Making Test (TMT; Part A and Part B) 22 and the Controlled Oral Word Association (COWA) test. 23 The NCF tests were administered by a health care professional (eg, nurse, psychologist) who was trained and certified by the study neuropsychologist (J.S.W.). The Clinical Trial Battery Composite score, calculated using the standardized HVLT-R, TMT Parts A and B, and COWA scores, was also assessed.
Statistical Methods
After conducting a normality test, either the t-test or Wilcoxon test was used to assess resection status differences at these time points. Mixed effects models with random intercepts and slopes were used to assess changes across time. Adjustment was made for resection status (STR vs GTR), study (0525 vs 0825), and any baseline characteristics that were significantly different (at the α = 0.05 level) between type of resection status. Other covariates that were considered for inclusion were age (<60 vs ≥ 60 yr old), RPA (recursive partitioning analysis) class (III vs IV vs V), MGMT (O 6 -methylguanin-DNA-methyltransferase) status (methylated vs unmethylated), neurological function (no symptoms vs at least some symptoms), gender (male vs female), Karnofsky Performance Status scale (KPS; 60-80 vs 90-100), tumor laterality (right vs left), tumor location, temozolomide dosing (days 1-5 vs days 1-21), baseline anticonvulsant use (yes vs no), and baseline steroid use (yes vs no). Models were built as follows: covariates significant in a univariable model at the 0.10 level were considered for inclusion in the multivariable model. Covariates were removed one at a time, beginning with the covariate with the highest corresponding P-value, until all covariates remaining were significant at the 0.05 level. Higher alpha levels were used in the model building process due to its exploratory nature.
The effect of time from surgery to start of treatment, tumor laterality, and tumor location on baseline NCF and PRO metrics was examined using a linear regression model. The change from baseline to 2 of the follow-up time points (prior to cycles 1 and 4 in 0825) was calculated as follow-up-baseline. After conducting a normality test, either the t-test or Wilcoxon test were used to assess resection status differences at these time points. To adjust for the multiple domains being analyzed, while accounting for the correlated nature of these domains, a significance level of 0.01 was used.
OS and progression-free survival (PFS) for the cohort as a whole were estimated using the Kaplan-Meier method. Differences between the STR and GTR patients were assessed using the log rank test. A Cox proportional hazards model was used to calculate hazard ratios.
RESULTS
Patient Cohort
A total of 427 eligible patients who participated in the NCF and PRO components of NRG Oncology RTOG 0525 and the control arm of NRG Oncology RTOG 0825 with either an STR or GTR were included in the initial portion of the analysis ( Figure 1A ). Patients with unknown resection status or biopsies only were removed. A second cohort of patients were analyzed, those with STR on NRG Oncology RTOG 0825, this consisted of a total of 183 patients (94 patients in the control arm and 89 patients in the treatment arm; Figure 1B) . Complete patient characteristics, with statistical comparisons between the different arms of the studies, are in Tables 1 and 2 . There were more patients who underwent a GTR (n = 268) compared to STR (n = 159). Both groups were similar with respect to all patient and clinical characteristics except KPS. A total of 60.4% of patients with a STR had a KPS of 90 to 100 compared to 70.5% of patients with a GTR (Table 1 ; P = .032). The characteristics of the patients with a STR that were analyzed from NRG Oncology RTOG 0825 can be seen in Table 2 . There were no statistically significant differences seen amongst the patient cohorts in this subgroup.
NCF and PRO Comparison
Comparing the baselines scores from the various metrics measured for patients with STR in comparison to those with GTR, STR patients were found to have worse NCF (HVLT-R Total Recall [median score -1.5 for STR vs -1.0 for GTR, P = .004], COWA [-1.1 vs -0.8 for STR and GTR, respectively, P = .007]); worse MDASI-BT Cognitive Factor ratings (1.0 vs 0.5 for STR and GTR, respectively, P = .006); and worse EORTC-QLQ Cognitive Function scale ratings (66.7 vs 83.3 for STR and GTR, respectively, P = .002) at baseline. Those baseline comparisons reaching statistical significance are summarized in Table 3 . Of note there were multiple baseline comparisons for each domain that did not reach statistical significance that are listed in the footer of Table 3 .
When the discrete time point analysis was performed examining patient changes from baseline to the 6-, and the 22-wk time points, there were no statistically significant differences between the patients achieving a GTR as compared to STR (Tables, Supplemental Digital Content 1-6). On longitudinal multivariate analysis, several factors emerged as significantly associated with STR. The presence of STR was associated with worse NCF (HVLT-R Delayed Recognition [estimate = -0.018, P = .048], TMT Part A [-0.046, P = .035], and COWA [-0.0086, P = .049]) in patients without progressive disease. These differences can be seen in Table 4 along with graphical representation showing longitudinal trends in Figure 2 . These differences were independent of tumor location and laterality, as both variables were accounted for in the statistical models. Resection status was not significantly associated with QOL or symptom burden over time.
Bevacizumab Subgroup Analysis
Patients with a STR only in NRG Oncology RTOG 0825 (n = 183) were examined from both the control and bevacizumab arms (n = 94, 89, respectively). The median change score was analyzed from baseline to 22 wk, comparing the control arm to those patients in the treatment arm (bevacizumab). The objective of this analysis was to examine if the addition of bevacizumab had a preferential benefit for patients with STR. There were no differences in any of the selected metrics of NCF, EORTC QLQ, or MDASI-BT for those patients with STR who received bevacizumab as compared to placebo (Tables, Supplemental Digital Content 7-9). 
OS and PFS Comparison
Finally, OS and PFS were examined for all patients, comparing STR to GTR. No statistically significant difference in OS was seen. A significant improvement in PFS was observed in the GTR cohort ( Figure 3 ; hazard ratio of 0.76 [95% confidence interval: 0.61, 0.94], P = .010).
DISCUSSION
Our understanding of the influence of therapeutic interventions in GBM is in need of considerable expansion. OS and PFS are critical endpoints; however, short of the recently published EF-14 trial, major clinical breakthroughs in GBM have been limited. 24 Considering the dismal outcomes in GBM, there is a need for improved understanding of current interventional strategies on NCF and PROs. This enables evaluation of interventions beyond just their influence on OS and PFS. Such an understanding might enable a more refined evaluation of both existing, and innovative therapeutic interventions. The precise influence of surgical resection in GBM is moderately controversial; however, most evidence supports a maximum safe resection. [5] [6] [7] 9 Yet the relationship between the presence of residual disease following surgical resection on patient outcomes such as QOL, symptom burden, and NCF remains largely unknown in GBM. Moreover, the ability of bevacizumab to preferentially improve NCF and PROs in those patients with an STR is also unknown. In the current report, a combined, posthoc, exploratory analysis of NRG Oncology RTOG 0525 and NRG Oncology RTOG 0825 is presented with the objective of addressing these questions.
These findings demonstrate that residual disease following STR has important implications in GBM. At baseline, patients with STR had worse NCF, MDASI-BT and worse EORTC-QLQ scale ratings, compared to GTR. This is likely secondary to tumor in more eloquent locations. Such differences in baseline scores may have important consequences for interpretation of future studies examining these endpoints. Possibly more interesting are the results of the longitudinal multivariate analysis in which patients with STR demonstrated worse NCF. This finding supports the widely held dictum in neuro-oncology that "tumor in the brain is bad for cognition." Critical to this result is that collection of these NCF and PRO metrics was suspended if radiographic progression was demonstrated. This means that such declines were measured, for this analysis, in patients without clinical or radiographic evidence of progression. This removes tumor progression as a variable that could have accounted for NCF decline. This finding expands on and agrees with previously published data suggesting that NCF worsening precedes radiographic progression. 25 The inclusion of NCF tests may allow identification of patients at risk for tumor progression before MRI evidence of tumor progression develops or differential impact on cognition from subsequent therapy. Moreover, the ability to measure these declines provides compelling data for a potentially novel endpoint for clinical trials, especially as OS did not vary between the GTR and STR patients.
Several nonstatistically significant findings of the study are worthy of mention. No significant influence of the time from surgery to the start of chemo-radiation therapy and baseline NCF, PRO, or QOL metrics or longitudinal metrics was observed. This is despite the potential for rapid tumor growth as illustrated in previously published series. 26 Upon the revelation that patients with STR appeared to have worse select NCF and PRO metrics longitudinally, the influence of bevacizumab on these metrics was examined only in those patients with STR. The hypothesis was that the addition of bevacizumab in patients with STR may result in preferential improvement in these metrics. This was suspected secondary to the mechanism of action of bevacizumab, which centers on normalization of tumor vasculature. To this end a small, hypothesis generating, exploratory analysis of only those patients with STR was conducted. In this cohort, the change from baseline to 22 wk between patients receiving bevacizumab as compared to those patients receiving placebo was examined. Unfortunately, no preferential benefit was seen in those patients receiving bevacizumab with STR without demonstration of radiographic progression. This was consistent with the findings of the cohort as a whole. 15 Given the absence of any benefit to bevacizumab in this smaller sub-group, we elected not to continue conducting exploratory analyses with bevacizumab as additional hypothesis driven subgroup analyses could not be formulated.
The influence of STR on OS and PFS was also examined; however, this was not the primary objective of this study and Patients with STR did have inferior PFS. Given there was no volumetric analysis performed to examine for a "threshold effect" of the extent of surgical resection these OS data are difficult to interpret. These OS comparisons should be interpreted with caution as this was not the primary focus of the analysis and the lack of volumetric analysis makes any firm conclusions from these data limited. These data support a maximum safe resection approach in terms of superior PFS 5, 7, 9 .
Limitations
There are limitations of this analysis that merit discussion. This analysis included only those patients with a high enough performance status to enroll in the clinical trials NRG Oncology RTOG 0525 and 0825. This may not be an accurate reflection of a typical GBM population. The studies did not perform central imaging analysis and as mentioned previously volumetric analysis of residual tumor was unknown. The absence of central imaging analysis prevented any ability to analyze the influence of residual tumor volume on OS or examine radiation dose distribution and its relation to the included metrics. Finally this is a posthoc exploratory analysis, which has inherent limitations. While we attempted to statistically control for nearly all potential confounders, data on some clinical metrics, such as steroid dosing was limited and was not able to be retrospectively ascertained with accuracy.
Limitations to this data not withstanding there are some potentially novel and intriguing aspects to this analysis that may carry clinical implications. For the first time we have shown that NCF and PRO metrics change on longitudinal multivariate analysis amongst patients with STR compared to GTR. Given these results, patients with STR may need to be more closely monitored for cognitive decline. In addition, the presence of STR should be accounted for in future studies examining NCF and PRO metrics. Furthermore, given that NCF tests were more sensitive to the detection of this decline, when compared with PROs, inclusion of neuropsychologists in the care of these patients may be of clinical benefit. Despite hypothetical benefits, we are seeing no signal for a preferential benefit to bevacizumab use in STR patients. 3, 15 Finally our data demonstrate a PFS benefit associated with GTR supporting a maximum safe resection approach.
CONCLUSION
These analyses demonstrate that NCF and PRO metrics differ in those patients achieving a STR as compared with a GTR. This is despite the absence of radiographic progression or difference in OS. These finding warrant additional investigation and validation in independent cohorts. These data provide important information about the impact of STR on NCF and PRO metrics. Moreover, they provide compelling data for a potentially novel endpoint for GBM clinical trials.
